A GSV 4004A GPS receiver has been operational near the crest of the equatorial anomaly at Udaipur, India for some time now. The receiver provides the line-of-sight total electron content (TEC), the phase and amplitude scintillation index, σ φ and S 4 , respectively. This paper presents the first results on the nighttime TEC depletions associated with the equatorial spread F in the Indian zone. The TEC depletions are found to be very well correlated with the increased S 4 index. A new feature of low-latitude TEC is also reported, concerning the observation of isolated and localized TEC enhancements in the nighttime low-latitude ionosphere. The TEC enhancements are not correlated with the S 4 index. The TEC enhancements have also been observed along with the TEC depletions. The TEC enhancements have been interpreted as the manifestation of the plasma density enhancements reported by Le et al. (2003) .
Introduction
Equatorial spread F (ESF) refers to the plasma density irregularities, encompassing a wide range of scale sizes, from a few hundred km down to a few cm. Plasma depletions are the irregularities of the largest scale sizes (up to a few hundred km) that are associated with the ESF, wherein the plasma density may be lowered by up to three orders of magnitude compared to the background plasma density (Hanson and Sanatani, 1973) . The characteristics and morphology of these depletions, that has been obtained mainly with the Jicamarca radar (e.g. Woodman and La Hoz, 1976) , and substantiated by the satellite-based instruments and Altair radar observations (McClure et al., 1977; Dyson and Benson, 1978; Muldrew, 1980; Tsunoda, 1980; Tsunoda et al., 1982; Kil and Heelis, 1998; Yeh et al., 2001) , are very well documented. Theoretical and observational investigations indiCorrespondence to: R. Pandey (pandey r@yahoo.com) cate that these depletions are generated on the bottomside of the nighttime equatorial F region and rise to higher altitudes due to the non-linear evolution of the generalized RayleighTaylor and E×B plasma instabilities (Kelley, 1989; Fejer et al., 1999) . These depletions are field aligned and involve the uplift of the entire flux tube. Satellite observations have revealed the presence of the depletions up to ±20 • magnetic latitude.
Ionospheric plasma density irregularities are an impediment to the radio wave communication, as they result in scattering of the incident radio waves, practically at all frequencies of interest. This phenomenon, known as the ionospheric scintillations, refers to the rapid fluctuations of the phase and amplitude of the RF signal, which arise when an RF signal passes through the ionospheric region that is embedded with the plasma density irregularities. In the past, radio beacon satellites transmitting signals in the VHF range have been used to study the ionospheric scintillations in the Indian (e.g. Rastogi et al., 1977; Chandra et al., 1979; Rastogi, 1982; Pathak et al., 1995) and American zone (e.g. Aarons, 1982; Basu and Basu, 1985) . The scintillation effect is not limited to just the VHF range. Signal fluctuations due to the F region plasma density irregularities have been reported at a wide range of frequencies (Aarons, 1993) , even as high as 7 GHz (Fang and Pontes, 1981) .
With the advent of the satellite-based navigation using the GPS satellites, interest in the UHF scintillations is revived. Recent observations (Beach and Kintner, 1999; Bhattacharyya et al., 2000; Valladaras et al., 2004) , using the GPS satellites in the equatorial and low-latitude zone, have revealed the occurrence of the UHF scintillations and the fluctuations in the total electron content (TEC). Since the TEC values are known to be highest around ±15 • magnetic latitude (more commonly known as the Appleton anomaly or the equatorial ionization anomaly region), any fluctuations in the TEC at these latitudes would result in severe scintillations, causing signal degradation.
Yet another impediment to the satellite-based navigation arises from the gradients in the TEC. This is because the range error is proportional to the TEC itself. Thus large gradients in the TEC, which is a common feature in the anomaly region, may introduce intolerable range errors in the satellite based navigation and degrade the GPS signal. Udaipur is situated (Geog Lat. ±24.6 • N, Geog.Long.
±73.7 • E, ±15.6 • N MLAT) near the crest of the Appleton anomaly, and therefore is the most suited place for the measurement of TEC and scintillations. This has been the motivation to initiate measurements of the UHF scintillations and TEC at Udaipur.
Experimental details
UHF scintillations and TEC have been measured using the GSV 4004A GPS Ionospheric Scintillation and TEC Monitor (GISTM) of M/s GSV in Silicon Valley, USA. The system (GISTM) provides true amplitude, single frequency carrier phase measurements and TEC measurements from up to 11 GPS satellites in view, simultaneously, and provides outputs in 22 receiver channels. The receiver and recording system estimates the phase and amplitude scintillation parameters and code/carrier divergence from the L1 frequency (1575.42 MHz) GPS signals. The TEC is computed from the combined L1 and L2 (1227.6 MHz) pseudo ranges and carrier phase. The receiver uses wide bandwidth tracking loops and an internal, phase stable, ovenized, crystal oscillator to compare the phase measurements with the actual carrier phase GPS observations. Thus, the real-time values of the amplitude scintillation index, S 4 , and the phase scintillation index, σ φ , computed over periods of 1, 3, 10, 30, and 60 s, averaged over one minute are obtained. Additionally, the 4 pairs of TEC and TEC rate values computed every 15 seconds are also provided. Thus the equipment is ideally suited for the studies of the S 4 index, TEC and TEC rate etc., simultaneously. Of the various parameters, results pertaining to the S 4 and TEC only would be presented and discussed here. The amplitude scintillation index S 4 (Briggs and Parkins, 1963) is given by
where I is the intensity (square of the amplitude) of the received signal. TEC is the number of electrons in a vertical column of 1m 2 cross section, from the height of the GPS satellite (∼20 000 km) to the observer at ground. The TEC is measured in TEC units, where 1 TEC unit=10 16 electrons m −2 . Dual frequency GPS receivers operate by comparing the time delay, δt, between the L1 and L2 frequencies.
δt cannot be measured at one frequency with a standard receiver clock, but the difference in δt at two different frequencies can be measured. This difference is used to calculate the TEC as given below: gives the variation of the satellite elevation angle. The second panel depicts the geomagnetic latitude and geographic longitude of the ionospheric pierce point (IPP), computed from the elevation and azimuth angles of the satellite at each instant of its pass, as seen from Udaipur. For IPP computations, a thin ionospheric shell at an altitude of 350 km was assumed. We have preferred to give the geomagnetic latitude over the usual geographic latitude because the former is more relevant to the equatorial spread F phenomena.
The third panel gives the variation of the line-of-sight TEC with the universal time. The S 4 index derived from the L1 signal is plotted in the fourth panel. Since the received signal at low elevation angles of the satellite may suffer from the multipath reflections, a horizontal line at ±20 • elevation has been drawn in the top panel as a demarcation line. Thus, observations for elevation angles lower than ±20 • shall not be considered. A demarcation line at the S 4 index value of 0.2 has been drawn to emphasize that values greater than this imply a significant level of scintillations.
A TEC depletion associated with the equatorial plasma bubble has been defined by Valladaras et al. (2004) . Accordingly, the TEC depletion consists of a sudden reduction in TEC followed by a recovery to a level near the TEC value preceding the depletion. As noted by Valladaras et al. (2004) , processes, such as the nighttime decay of the F layer and the density redistribution caused by the Fountain effect also lessen the TEC values. But these processes result in shallow TEC slopes and an absence of the recovery segment. As noted above, changes in the slant length can also result in a slow variation of the TEC. All such cases have been excluded from the identification of TEC depletion. Using the 630.0-nm airglow emissions, Weber et al. (1996) have shown that the TEC depletions are a manifestation of the equatorial plasma depletion. The general morphology of the TEC depletions and their association with strong VHF scintillations, using the data from the South American zone, were described by Das Gupta et al. (1983) . Figure 1 gives the results for satellite PRN 9 on 5 October 2004. The top panel of the diagram, which is a plot of the satellite elevation angle with UT, shows that the satellite is observable from about 6 • above the horizon, and its highest elevation is about 40 • with respect to the site of observation. tified as a plasma depletion, wherein the TEC decreased by about 15 TEC units. The S 4 index is less than 0.2 prior to the appearance of the depletion in TEC. It suddenly shoots to a value of about 0.6, coinciding with the occurrence of the depletion. For the observed depletion, the MLAT of the IPP varies from about 12 • N to 10 • N. Thus, the depletion is far away from the magnetic equator. Its longitude is, however, nearly constant, around 70 • E. The TEC values recover after the dip and increase monotonically thereafter. A sudden drop in TEC to zero TEC, at the eastern end of the depletion, is a case of the cycle slip. It implies a sudden loss of the phase lock of the signal, either due to increased scintillation activity (S 4 is about 0.8), or, due to non-ionospheric causes. elevation (∼27 • ). Prior to the appearance of the depletions, the S 4 index was almost at the noise level. The S 4 index suddenly shoots up with the appearance of these depletions and is about 0.6. Yet another depletion of 15 TECU, marked between the vertical lines b and b , is seen around 17:00 UT. For this depletion, the S 4 is also quite high, around 0.5. Between the two sets of depletions, the variation in TEC is smooth and the scintillation index is at the noise level. The IPP geographic longitude between the times of appearance of the two sets of the depletions remains nearly constant and is about 75 • E. This implies that these depletions are nearly field aligned and are occurring at well-separated distances along the field line.
Depletions in TEC
A series of depletions in TEC were observed on 28 October 2004 for PRNs 5 and 30. Results for these PRNs are given in Figs. 3 and 4 , respectively. In case of Fig. 3 , the highest elevation attained by the satellite is about 70 • . For most of its pass, the satellite traversed along the same longitude. As a matter of fact, almost all GPS satellites have a very slow east-west motion. Thus these satellites offer an opportunity for observations along the same field line. After about 13:00 UT, when the satellite was 20 • above the horizon, the TEC values vary smoothly up to about 15:45 UT. Thereafter, the TEC variation shows a series of well-defined The depletions below 20 • , though ignored, may not be the artifacts. An interpolation of TEC between the region a and a , would imply that the whole region is representing a bigger depletion, that is embedded with smaller depletions. In the region bounded between a and b, the TEC variation is regular and smooth. Another set of depletions is seen in the region bb . The latitudinal extent of the IPP for the first region is from 15 • N to 12 • N. But the geographic longitude does not vary much, and is around 73 • E. For the second region, this latitudinal range is from 10 • N to 8 • N. While the first of these regions is seen at a higher range of elevation angle, 70 • to 40 • , the second one is observed for lower elevation angles, between 30 • and 15 • . The S 4 index in each of these regions is seen to be very well correlated with the occurrence of depletions in TEC. The most striking feature of the scintillation index is the complete absence of scintillations between the two sets of depletions (i.e. a b). This is also the region where the TEC variation is smooth. Figure 4 shows the results for PRN 30 on 28 October 2004. These results are very informative as the trajectories of PRN 30 and PRN 5 are nearly the same. PRN 30 appears about an hour after the PRN 5, and the maximum elevation for PRN 30 is about 10 • lower than for PRN 5.
A comparison of TEC in Figs. 3 and 4 reveals its shape and value to be nearly the same from about 14:00 UT to 15:30 UT. As is the case in Fig. 3 , a series of depletions also appear between 15:30 UT and 17:00 UT in Fig. 4 . This region is marked with vertical lines aa . The TEC variation in the region marked a b is smooth in both figures, although the time extent in Fig. 4 is much larger than in Fig. 3 . The region marked bb in Fig. 4 is replete with depletions as is the case in Fig. 3 . The most striking feature in Fig. 4 
Enhancements in TEC
A very interesting case of the TEC variations has been obtained on 28 October 2004 for PRN 6, as shown in Fig. 5 . PRN 6 passes over the zenith at Udaipur. As the satellite elevation increases, the TEC decreases due to reduced slant length. Beyond the zenith, the TEC increases systematically. A sudden enhancement of about 5 TECU is seen around 20:00 UT. The temporal width of the enhancement is about half an hour. The local time is past 01:30 h. The MLAT of the IPP at this hour is about 12 • N. Thus, the enhancement in TEC is located far away from the equator, near the anomaly crest latitude. The S 4 index around 20:00 UT is well below 0.2. Thus, unlike the depletions in TEC, which had a corresponding increase in the scintillation index, the enhancement is devoid of such an increase. To the best of our knowledge, such an isolated and localized enhancement in TEC has not been reported previously with GPS satellites. The very fact that a TEC enhancement does not have an associated scintillation suggests a different mechanism for its generation. 
Discussion and conclusions
The F region plasma is known to be incompressible. This precludes in-situ production of ionization irregularities in the F-region and requires their transportation from other regions to explain their existence in the F region. The computer simulation work of Zalesak and Ossakow (1980) and Zalesak et al. (1982) demonstrated that within a very short time period, the modulations in the plasma density that were present at the bottom side grew sufficiently in amplitude so that a low plasma density region (bubble) could push through to the top side. These upwelling bubbles, called plumes (Woodman and La Hoz, 1976) , are oft occurring phenomena in the nighttime equatorial F region. The plasma density depletions, like the ones observed in the low-latitude F region by the AE series satellites, are a manifestation of the plasma bubbles. Thus the bubbles are generated at the bottom side of the equatorial F region and move to the topside. As the depletions are field aligned, their uplift implies an uplifting of the entire flux tube. If the depletion rises to a sufficiently high altitude at the equator, the associated flux tube may connect to the equatorial anomaly zone latitudes. Since the F region density heavily weights the TEC, any variations in the F region plasma density should be reflected in the TEC. Sudden reductions in TEC, observed in the nighttime low-latitude Fregion, have been identified with the plasma density depletions of the equatorial origin (e.g. Valladaras et al., 2004) . Consistent with this definition, the reductions in the TEC reported in Figs. 1 through 4 have been identified as a manifestation of the plasma density depletions of equatorial origin. The depth of the depletions reported here is consistent with the observations of other workers (Beach and Kintner, 1999; Bhattacharyya et al., 2000; Valladaras et al., 2004) . Smaller scale plasma density irregularities are associated with these depletions and manifest as increase in the S 4 index. This is the reason that the increases in the S 4 index are seen at the same time when the depletions in TEC are observed. This is true for all the cases reported here. Unlike Valladaras et al. (2004) , we have purposefully avoided associating the scintillations with the eastern or western wall of the TEC depletion, or with the depth of the depletion, because, such an association does not yield any fruitful conclusion. In all the cases reported here there is a one-to-one correspondence between the TEC depletions and the increase in S 4 index. We have also shown that the depletions in TEC are field aligned. This confirms their equatorial origin.
The most striking finding of the present study is the observation of TEC enhancements in localized regions. We have reported the first observation of an isolated TEC enhancement at the anomaly zone latitude using the GPS satellites (Fig. 5 ). An increase of about 5 TECU in less than a 30-min interval, as reported in Fig. 5 , cannot be attributed to changes in slant height, or to normal latitudinal variation in plasma density. Most surprisingly, the enhancements were completely devoid of the associated increase in the S 4 index. This leads to the belief that the enhancements in TEC are a local phenomenon, and not connected with the equatorial spread F. Observations of TEC enhancements in association with the depletions in TEC (Fig. 6 ) have also been reported for the first time here. Again, the time scales of these variations are so small that changes in the slant height or latitudinal variation in the plasma density cannot account for these. Weak scintillations were found to be associated with these features. These enhancements and depletions cannot be interpreted in terms of TIDs, as the week preceding the GPS observations was completely devoid of any solar activity. The energy input from the Sun in the high-latitude thermosphere is believed to be the cause for the launching of the TIDs.
We wish to emphasize one more aspect of the present observations of the depletions and enhancements in TEC. While Figs. 1 and 6 give the results for the same night, the features observed for the two are totally different. The only major difference is with respect to the longitude of the IPP at different times. In Fig. 1 , the IPP longitude is around 70 • E, whereas it is around 73 • E in Fig. 6 . Similar is the case for Fig. 5 , vis-à-vis Fig. 3 or Fig. 4 . This implies that the enhancements are highly localized. Oya et al. (1986) and Watanabe and Oya (1986) have reported localized regions of plasma density enhancements cooccurring with the plasma density depletions in the nighttime equatorial F region. The plasma density was found to be higher by a factor of about two in these enhancements. They designated these enhancements as plasma blobs. These plasma blobs were found to maximize around ±20 • MLAT. They further found that the plasma blobs occur preferentially during solstices and periods of low magnetic disturbances and lower solar radiation. Although no mechanism was given, Oya et al. (1986) and Watanabe and Oya (1986) suggested that the generation mechanisms for the plasma depletions and the enhancements were different. The ion density data given by Kil and Heelis (1998) also reveals a number of ion density enhancements along with the depletions in the ion density. But they did not emphasize these enhancements, as has been pointed out by Le et al. (2003) . Recently, Le et al. (2003) have reported localized regions of enhancements in the ion density, occurring with or without the plasma density depletions.
There are a number of reports on the nighttime enhancements in the TEC observed with the ATS series satellites (e.g. Janve et al., 1979; Joshi et al., 1990; Balan and Bailey, 1992; Su et al., 1994) . Various mechanisms have been proposed to explain these. But the TEC enhancements reported in the present study might not be the same phenomenon as that reported with the ATS satellites and would require a different mechanism for their generation. The ATS series satellites are geosynchronous, whereas the GPS satellites are nearly Sun synchronous. The ATS series satellites should, therefore, provide temporal variation of the TEC at just one ionospheric pierce point (IPP). The TEC at a given place (IPP) may vary and enhance with time, for different reasons. The TEC enhancement reported with the ATS satellites could not be compared with the present results because the ionosphere of different latitudes and longitudes is scanned as the GPS satellite transits over a receiving station.
The plasma density enhancements observed by Oya et al. (1986) , Kil and Heelis (1998) and Le et al. (2003) also could not be compared with those observed with the ATS series satellites. The observations of Oya et al. (1986) , Kil and Heelis (1998) and Le et al. (2003) are based on the instruments on board the satellites that had a circular orbit (650 km for Hintori, 370 km and 400 km for AE-E, 600 km for ROC-SAT and 850 km for DMSP satellite). These satellites are thus revolving at the same altitude and cover a wide range of latitude and longitude. This is also the case with the GPS satellites and hence these two cases are comparable. Le et al. (2003) have reported enhancements in the ion density in the topside equatorial F region at 600 km and 850 km. As noted earlier, these measurements have been made using the instruments on board the ROCSAT-1 and DMSP satellites, respectively. These density enhancements have been found to be associated with or without depletions in the ion density. Le et al. (2003) have proposed the mapping of the polarization electric fields associated with the depletions at the equator to be responsible for the generation of the localized regions of plasma enhancements. According to this mechanism, the Rayleigh-Taylor plasma instability is excited within a limited latitudinal extent in the bottom side F region near the equator. The density depletions occur near the equator. The polarization electric fields associated with these depletions lift them up at the equator. While the depletions have a limited latitudinal extent, the polarization field maps to higher latitudes along the field lines. When the depletions rise to the topside F region at the equator, the flux tube associated with these depletions may be connecting the F peak in the anomaly zone latitudes. The mapped field in the anomaly zone thus moves the high-density plasma upward so that the density increments occur just above the flux tube. Furthermore, they point out that the density increments are additionally reinforced if the background ionosphere moves downward. Mapping of the polarization fields associated with depletions would be efficient and effective, if the ionospheric region connected by the geomagnetic field lines has a lower integrated Pedersen conductivity than the region in which the fields are generated. In other words, the currents in the "sink" region should not load the electric field in the "source" region (Rishbeth, 1971; Prakash and Pandey, 1985) . Since the TEC is a measure of the integrated (the line-of-sight) plasma density, localized enhancements in the plasma density are likely to be reflected in the TEC. This probably explains the present observations of TEC enhancements.
Consecutive depletions and enhancements in TEC could be explained following the arguments put forth by Le et al. (2003) . They have argued that when a spacecraft observes both the depletion and enhancement in the plasma density in the same pass, it is most likely that an enhancement is associated with a different depletion than the one that is observed consecutively with the enhancement.
